The heavy-fermion semiconductors are a class of strongly correlated materials, that at high temperatures show properties similar to those of heavy-fermion materials, but at low temperatures show a crossover into a semiconducting state. The low-temperature insulating state is characterized by an anomalously small energy gap, varying between 10 and 100 K. The smallness of the gap is attributed to the result of a many-body renormalization. We calculate the temperature dependence of the electronic spectral density of states, using the Anderson lattice model at half-filling, together with a 1/N expansion, where N is the degeneracy of the f orbitals. The spectrum is calculated to second order in 1/N using a slave boson technique. We find that to first order the system is an indirect gap semiconductor, with a temperature-dependent renormalized band structure. The indirect gap is subject to a temperature-dependent many-body renormalization, and leads to a temperaturedependent sharp structure in the angle-integrated spectrum at the indirect threshold. To second order in 1/N, one has to include charge fluctuations that are represented by fluctuations in the slave boson field. The effect of emission and absorption of fluctuations in the slave boson field is to broaden the angle-resolved spectrum A(k,), yielding a low-energy tail to the spectrum that, for general wave vectors k, extends all the way down to the indirect threshold. We show that as the temperature is reduced, the structure in the vicinity of the Fermi energy sharpens up. We apply the theory to experiments on the materials FeSi and Ce 3 Bi 4 Pt 3 .
and optical spectroscopies. 11 The unusual property of this lowtemperature phase is the very small magnitude of the energy gap, which is about an order of magnitude smaller than those predicted for electronic structure calculations, 12, 13 and the activation energy ⌬E obtained from an Arrhenius analysis of specific heat or transport measurements shows a marked temperature dependence.
14 These are indicative of many-body renormalizations. The thermodynamic properties are very sensitive to the addition of small amounts of impurities 15 and doping leads to the formation of Kondo hole states with unusual properties. 16, 17 Photoemission experiments on Ce 3 Bi 4 Pt 3 ͑Ref. 18͒ and FeSi ͑Refs. 19 and 20͒ also show the existence of a gap at low temperatures and a sharp temperature-dependent structure at the threshold. The experimental data on FeSi are shown in Fig. 1 . This paper provides a theoretical description of the angle-resolved photoemission spectrum.
II. MODEL
The heavy-fermion semiconductors can be described 21 in terms of the Anderson lattice model. The Anderson lattice Hamiltonian describes a lattice of degenerate, highly correlated, localized electronic states that hybridizes with a set of itinerant conduction-band states.
The total Hamiltonian is written as the sum,
where H f is the Hamiltonian that describes the lattice of localized f electrons, H d is the Hamiltonian describing the conduction electron states, and H f d describes the hybridization between the f orbitals and the conduction band. The localized electrons are both spin and orbitally degenerate, and are governed by H f :
in which E f is the binding energy of a single f electron to a lattice site, and U f f is the strength of the Coulomb repulsion between a pair of f electrons located on the same lattice site. The total degeneracy of each f orbital is 14 and is due to the spin and orbital degrees of freedom. However, this degeneracy may be lifted by the introduction of spin-orbit coupling and crystal-field splittings, in which case the degeneracy of the lowest f multiplet may be reduced to N. We shall consider the case Nϭ2. The operators f i,␣ ϩ ( f i,␣ ), respectively, create ͑destroy͒ an f electron at site i with a combined spin/ orbit label ␣. The summation runs over all lattice sites and all values of the degeneracy labels. The conduction electrons are described by the Hamiltonian H d : The first term represents a process in which a conduction electron in the Bloch state labeled by wave vector k hops onto the f orbital located at site i. The quantity ␣ is conserved in this process. The second term is the Hermitian conjugate process, whereby an electron in the f orbital at site i tunnels into the conduction-band state labeled by the Bloch wave vector k. The summation runs over the total number of lattice sites, N s and over the k values in the first Brillouin zone.
We shall consider this Hamiltonian in the limit of strong Coulomb interactions, U f f →ϱ, such that each f ion is not occupied by more than one electron. In this case, the coulomb interaction can be projected out by introducing a slave boson field, 22 that enforces the constraint on the f occupation number. This proceeds by replacing the f electron operators by a product of an f quasiparticle operator and a slave boson field,
where the creation and annihilation operators for site i are represented by b i ϩ and b i respectively, and the f quasiparticle creation and annihilation operators are f i,␣ ϩ and f i,␣ . This amounts to a projection on to the physical space for U f f →ϱ if these new operators satisfy the constraints
The Anderson lattice Hamiltonian then becomes transformed to the new form
where
in which the Coulomb interaction has been projected out. The conduction electron Hamiltonian H d remains invariant, and the hybridization term becomes
This shows that a slave boson is absorbed or emitted as the quasiparticles, respectively, hop in or out of the f level at site i. The constraint can be enforced by using Lagrange's method of undetermined multipliers, such that
This Hamiltonian has the same matrix elements as the initial one, as long as one stays within the manifold of states that satisfies the constraints. The slave boson field satisfies the equation of motion
We shall expand about a mean-field solution, which is exact in the N→ϱ limit, in powers of 1/N. Since we shall replace N by 2, if the series expansion converges its rate of convergence is not expected to be rapid. However, it may be expected that the qualitative behavior found by this method is representative of the exact solution. In order to describe the heavy-fermion semiconductors we need to assume exactly two electrons per atom, such that the Fermi level of the noninteracting limit of the system (U f f ϭ0), is a semiconductor with the chemical potential lying within the hybrid- ization gap. In this situation, arguments based on Luttinger's theorem 23 indicate that the interacting system will remain semiconducting.
The 1/N expansion proceeds by replacing the boson operators b i by the sum of a complex number b 0 representing the amplitude of the boson condensate on each site, and the terms B i representing the remaining fluctuations
A nonzero value of b 0 does break local gauge invariance; however, all physical quantities remain gauge invariant.
III. MEAN-FIELD THEORY
The lowest-order approximation consists of only retaining the terms of zeroth order in the boson fluctuation operators B i . If b 0 is found to be finite this will correspond to a timeindependent macroscopic occupation of the kϭ0 state. This implies that Eq. ͑11͒ becomes
The above equation and Eq. ͑6͒ provide self-consistency equations from which b 0 and i can be determined. In this approximation the Hamiltonian becomes quadratic and can be diagonalized. The fermionic Hamiltonian maps onto the noninteracting Anderson model, in which the hybridization matrix element is renormalized through
and the f level energy is also renormalized upward via
The quasiparticle energies are calculated as
Thus our mean-field solution consists of electrons in a N-fold degenerate dispersionless f band hybridizing with a N-fold degenerate conduction band. The hybridization processes results in the formation of two N-fold degenerate bands with mixed f -conduction band character, as shown in Fig. 2 . Due to the level repulsion inherent in the hybridization process, the resulting two hybridized bands are separated by an indirect gap of order Ṽ 2 (), where ͑͒ is the value of the bare ͑unhybridized͒ conduction-band density of states at the Fermi energy and Ṽ is the magnitude of the renormalized hybridization matrix element. The magnitude of the direct gap is found to be 2Ṽ . If the hybridized bands are occupied by N electrons per f ion, the lower band will be completely occupied and the upper band will be completely unoccupied, at zero temperature. Thus, one has a picture of an indirect semiconductor where the magnitude of the hybridization gap is estimated to be of the order of Ṽ 2 (). In terms of the quasiparticle energies of Eq. ͑16͒, the two self-consistency conditions become
͑18͒
At sufficiently high temperatures, these equations have the trivial solution b 0 ϭ0, as the Fermi function f "E Ϯ (k)… become independent of the band index and wave vector k, and has a value of f "E Ϯ (k)…ϭ 1 2 as expected for half-filled bands. For these high temperatures Eq. ͑18͒ and Eq. ͑13͒ are only satisfied by b 0 ϭ0. At zero temperature, one has a nontrivial solution in which ͉b 0 ͉Ͼ0 and Ͼ0. This solution can be found by assuming a structureless d band of width 2W, which yields
The Tϭ0 mean-field dispersion relation for the quasiparticle energies E Ϯ (k) of Eq. ͑16͒, in units of t, plotted for k values along the diagonal of the Brillouin zone. The unhybridized conduction-band width is 12t, and the renormalized f level energy
in which ⌬ϭV 2 /2W is the bare hybridization gap. These coupled equations can be shown to always have a unique solution in which the position of the renormalized f level Ẽ f always lies above the center of the band, and the renormalized hybridization matrix element Ṽ is reduced from the bare value V. In this approximation there is a finite-temperature second-order phase transition between the high-temperature incoherent regime and the low-temperature correlated insulating phase. The critical temperature T c is found by examining the gap equation ͑17͒ for b 0 ϭ0. This implies that the position of the renormalized f level lies at the center of the band, Ẽ f ϭ0. With these simplifications the gap equation reduces to the equation for the critical temperature T c ,
The solution for the above equation, with E f Ͻ0, is
͑22͒
The exponential term in T c is similar to that usually associated with the Kondo temperature. The renormalized band model of the mean-field theory contains two renormalizations. One renormalization is due to the Coulomb correlations, which reduces the effective strength of the hybridization. Conceptually, this reduction can be envisaged as the reduction of the probability amplitude that an electron in the conduction band jumps into an f orbital, by the blocking effect of the Coulomb interactions exerted by the f electrons already occupying f orbitals. The second renormalization of the mean-field theory is the shift of the f quasiparticle energy, to above the Fermi energy. This can be understood as the effect of the Coulomb interactions minimizing the probability of double occupancy of the f levels, which is achieved by reducing the f occupation number. For a bare f level that lies deep below the Fermi energy, E f Ӷ, the position of quasiparticle Ẽ f resonance lies just above the Fermi energy, reminiscent of the Kondo effect.
Thus, the mean-field theory predicts that the half-filled Anderson lattice should exhibit a second-order phase transition between a high-temperature phase, associated with a set of incoherent local moments immersed in an uncorrelated metallic conduction band, and a low-temperature coherent and highly correlated insulating phase. The low-temperature phase has a temperature-dependent indirect hybridization gap, related to the order parameter of the phase transition. The temperature dependence of the order parameter Ṽ is shown in Fig. 3 . The saturation value of the hybridization gap can be strongly reduced by the effects of the Coulomb interaction, from the bare value. Many of the measured properties of the heavy-fermion semiconductors are in agreement with the mean-field prediction for magnetic, thermodynamic, and transport properties, 21, [24] [25] [26] which show a temperaturedependent activation energy.
14 Despite the agreement of thermodynamics properties with the mean-field theory calculations, the mean-field theory does not successfully describe spectroscopic properties such as optical conductivity, 11 where either disorder or fluctuations need to be included. 27, 28 
IV. FLUCTUATION EFFECTS
We will evaluate the effects of the fluctuations in the slave boson field by following the approach of Millis and Lee. 29 In this procedure, the quasiparticle and slave boson Green's-function self-energies are evaluated to order 1/N where N is the degeneracy of the f level. The mean-field approximation Green's functions, after rescaling, are of order (1/N) 0 . The imaginary time f of the quasiparticle Green's function is defined by
which involves the time-ordered product of both of the f quasiparticle operators. The d quasiparticle Green's function is defined by the standard expression
In addition we define the f -d Green's function via
The Green's function for the fluctuating parts of the boson field is defined by
ͬʹ .
͑26͒
The elements of the boson propagator matrix will be labeled according to the scheme
The Green's functions in the mean-field approximation will be our bare Green's functions. The Fourier transforms with respect to time and space are given by
͑28͒
From this we recognize that, in the mean-field approximation, the f spectral density occurs in both of the two hybridized bands of Eq. ͑16͒, but with a k-dependent spectral weight A Ϯ, f (k) given by
͑29͒
The bare d-d Green's function is found as
The bare d-f Green's function is given by
The inverse of the bare boson propagator is found to be
͑32͒
The bare boson frequency is just the energy shift that renormalizes the f level energy E f . From the selfconsistency condition, Eq. ͑17͒, one finds that this is of the order 1/N. The full boson propagator is defined in terms of the polarization part ⌸(q,i m ) via the matrix equation
and the lowest-order contributions in 1/N are given by the diagrams of Fig. 4 . The normal diagrams are evaluated as
and
If we adopt the gauge in which the slave boson amplitude is real, the phases of the anomalous polarization parts become the same. In this case, the anomalous contributions are evaluated as
As shown by Millis and Lee 29 the normal contributions lead to a cancellation of the bare boson frequency in the full boson propagator, due to the reduction
and the first term in Eq. ͑38͒ is recognized as Ϫ, according to Eq. ͑17͒. Hence, the boson propagator is given by the inverse of 
The determinant in the denominator is expressed as
͑42͒
We redefine the combination appearing in the last term as
which is evaluated as
and hence the denominator is explicitly proportional to m 2 , and is an even function. The slave boson spectral density has a continuous spectrum extending over all the phase space available to particle-hole excitations. In the metallic case, the system has an infrared divergence, due to the m 2 in the denominator. However, as was shown, 29, 30 if the selfconsistency conditions include higher-order corrections in 1/N, the divergence does not appear in any physical quantity. In the case of the heavy-fermion semiconductors, the continuous spectrum has a lower cutoff at a frequency greater or equal to the indirect gap and therefore does not result in any infrared divergences. 27 The properties of the boson propagator are given in the Appendix, and the imaginary parts are plotted in Figs. 5 and 6.
The full quasiparticle Green's functions are given in terms of the unperturbed Green's functions and the self-energy according to the matrix Dyson equation,
Since the slave boson propagator is of order 1/N, and the fermion loops are order N, one can easily order the contributions to the self-energy matrix for the quasiparticle Green's functions in powers of 1/N, in which the exponent is the number of boson lines minus the number of fermion loops. The lowest-order contributions are depicted in Fig. 7 , and are given below:
͑46͒
This is evaluated as
Likewise, the dd self-energy is given by
and is evaluated as
The off diagonal part of the self-energy is given by
which becomes
͑51͒
By inspection of the self-energy analytically continued to real frequencies, one sees that at low temperatures the imaginary parts vanish for energies close to the bare band gap. Thus, at this order of approximation the quasiparticle bands close to the top of the valence band remain sharp, and are broadened at finite temperatures where the lifetime is due to thermally activated electron hole pairs. This result is in accord with the earlier results of McQueen, Hess, and Serene, 31 who found extremely temperature-dependent quasiparticle widths in their self-consistent fluctuation-exchange calculations. For full self-consistency, at order 1/N, the shift in the renormalized f position ⌬Ẽ f and slave boson amplitude ⌬b 0 have to be calculated as in the work of Millis and Lee. 29 Unfortunately, the numerical accuracy to which the selfenergies are known provides a limit to the accuracy to which these shifts can be calculated. Our results indicate a spread of ⌬Ẽ f /tϭϪ0.35Ϯ0.075 and ⌬b 0 ϭ0Ϯ0.1. This is consistent with the f quasiparticle peak remaining at the mean-field position.
V. PHOTOEMISSION SPECTRUM
In the sudden approximation, the angle-resolved spectrum is related to the electron spectral density A(k,) . This is FIG. 5 . The boson spectral density Im͓D 11 (q,ϩi␦)͔ is plotted as a function of energy /t for various values of q, along the diagonal of the Brillouin zone. In ͑a͒ the spectrum is shown for energies of the order of the bare f level energy ϪE f , showing the residue of the bare boson peak. For qϭQ, the peak is narrow and symmetrically centered at an energy of ϭ5.34t. As q is decreased along the diagonal to 7Q/8,3Q/4,5Q/8 the peak moves up in energy and broadens until it reaches Q/2. For smaller values of q, such as 3Q/8, the peak becomes very asymmetric with a long tail on the lowerenergy side. The position of the peak then remains constant; its width narrows and its height increases as q is further reduced through Q/4, Q/8, down to 0. The low-energy behavior is shown in ͑b͒. For values of q near the edge of the Brillouin zone qϭQ, the gap in the spectrum is minimum, taking on a value of 2Ṽ 2 /6t. The spectrum has a small peak just above the threshold. The threshold slowly increases as q is reduced towards the zone center and the height of the peak increases, until the value of qϭ3Q/8 is reached. Thereafter the gap rapidly increases, the height of the peak below threshold is diminished and a second peak appears at higher energies. At qϭQ/8, the peak just above threshold has turned into a plateau. At the value of qϭ0 the spectrum exhibits a square-root singularity and the threshold is that associated with the direct gap, in the mean-field spectrum 2Ṽ . 22 (q,ϩi␦)͔, for the same q values as in Fig. 5 . This spectrum does not contain the remnant of the bare boson peak at high energies, as the corresponding bare boson propagator would only contain a pole at negative energies. Therefore, we only show the low-energy behavior, which is similar to that shown in Fig. 5͑b͒. given in terms of the imaginary part of the analytically continued Fourier transform of the one-electron Green's functions, via
FIG. 6. The boson spectral density Im͓D
The first term represents the spectral density of the f electrons and the second term the spectral density of the conduction electrons. Usually, experimental investigations only concentrate on the f portion of the spectrum. The f portion of the spectrum is usually obtained, utilizing the resonance in the the coupling to the photon field, by subtracting the offresonance spectrum from the on-resonance spectrum. The imaginary time f electron Green's function is given by
which involves the time-ordered product of both the f quasiparticle operators and the slave boson fields. The imaginary time d electron Green's function is given by the standard expression
The f electron Green's function can be expanded in powers of 1/N, as depicted in Fig. 8 , and is evaluated as
͑55͒
The space and imaginary time Fourier transform of this can be calculated, to leading order in 1/N, by using the electronic self-energies calculated in the last section. This yields
͑56͒
When analytically continued to the real axis, the first term contains the f quasiparticle peak. This term gives rise to two branches of a narrow bandlike feature but with a very heavy mass, located at energies near the renormalized f level energy Ẽ f . The quasiparticle peaks follow dispersion relations similar to that found in the mean-field approximation. The peaks associated with the quasiparticle dispersion relations are only sharp in an energy regime located within an energy range roughly of the order Ṽ about Ẽ f , outside of this range they rapidly broaden as they fall within the continuum of the incoherent background, largely given by the last term. At zero temperature, the quasiparticle peak within the gap of the incoherent background has zero width and is broadened exponentially with increasing temperature. For highly enhanced systems this first contribution, which is the quasiparticle peak, only has a small spectral weight proportional to ͉b 0 ͉ 2 . These results are in qualitative agreement with those found by McQueen, Hess, and Serene 31 in their selfconsistent fluctuation-exchange calculations, as found in the lowest-temperature calculation shown in their Fig. 5 . In our calculations, at zero temperature the spectral weight between the two branches of the f quasiparticle peak is precisely zero, resulting in a true indirect gap for the system. This differs from the Monte Carlo results of Jarrell, Akhlaghpour, and Pruschke, 32 which show a pseudogap. This could be a consequence of the d→ϱ approximation, in which the Gaussian tails of the unhybridized conduction band lead to a pseudogap in the noninteracting limit. However, apart from this understandable difference in the background intensity within the gap, the results of both calculations are in good qualitative agreement.
The next four terms in the spectral density clearly are of the order of 1/N, as they involve the propagation of one slave boson, as does the last term. However, unlike the last term they are explicitly proportional to ͉b 0 ͉ 2 , and so for highly enhanced systems, the incoherent portion of the spectrum is dominated by the last term, which is proportional to Im͓⌺ dd (k,ϩi␦)͔. This imaginary part of the dd selfenergy peaks at energies near ϭϪE f , for all k values. This produces the incoherent peak in the f spectral density close to the position of the bare f peak. The k variation of the energy of the maximum of the incoherent peak is marked in Fig. 9 by the solid line decorated with circles. This incoherent peak has a spectral weight corresponding to roughly half an electron, per degeneracy channel, at all k values. This peak does, however, show a significant amount of dispersion, which reflects the k-dependent asymmetry in the slave boson propagator D 11 (q,) shown in Fig. 5 . Due to the coherence factor A Ϫ (kϪq) in Eq. ͑49͒, the imaginary part of the dd self-energy near the zone center can be thought of as being proportional to the average of the boson spectral density for q values near the zone boundary, and for k values near the zone boundary the dd self-energy reflects the the boson spectrum for q values near the center of the Brillouin zone. This produces the change in asymmetry of the peak in Im͓⌺ dd (k,ϩi␦)͔ with k and is thus responsible for the change in shape of the bare f peak shown in Fig. 10 . This should be directly observable in angle-resolved photoemission experiments.
A second consequence of the incoherent peak manifest in Im͓⌺ dd (k,ϩi␦)͔ is that the peak in the d spectral density shows a splitting for the range of k values such that to e d (k)ϳE f . These k values can be identified in Fig. 9 , where both the position of the maximum in the incoherent f spectrum and the mean-field dispersion relations are shown. The large incoherent peak in the imaginary part of the dd selfenergy leads to a large and rapid variation in the real part of the dd self-energy, via the Kramers-Kronig relation. As the renormalized hybridization energy is small and the bare f peak is energetically far removed from the renormalized f level position Ẽ f , the dd Green's function for energies near E f is well approximated by
For the range of k values under discussion, the denominator has three zeros centered around E f , which produces the two peaks in the d spectrum, one at the highest and and one at the lowest energy zero. These zeros are indicated by the circles on Fig. 11 , for the case of kϭ0, and result in the peaks in the d spectrum shown in Fig. 12 . These peaks in the d spectrum lie on each side of the incoherent f peak. The relative spectral weights of the two d peaks change continuously as k is varied. This phenomenon produces an effective level repulsion as expected from mixing the conduction states with the incoherent f level via the bare hybridization matrix elements. Again this splitting may be observable in angle-resolved photoemission spectra, for k values where one branch of the conduction-band dispersion relation is well separated energetically from all of the other branches as it crosses the incoherent level, and the bare hybridization matrix element V(k) is not close to a zero.
VI. DISCUSSION
The calculated angle-resolved photoemission spectrum shows a very narrow f feature at the threshold energy, a broad incoherent f peak roughly at the position of the bare f energy in addition to the peaks in the d spectral density.
The incoherent f spectrum has its origin in the terms containing the boson fluctuations in Eq. ͑55͒, as well as a contribution from the quasiparticle f -f Green's function originating from the self-energy ⌺ dd (k,) contributions from processes involving the emission and absorption of bosons. Although the bare boson frequency k is large and dispersionless, given by
the renormalization of the boson frequency due the boson self-energy ⌸͑k,͒ has the effect that, for most k values, the incoherent structure peaks near the bare f energy and has a width of approximately N͉V͉ 2 (0), as given by Eq. ͑18͒ of the Appendix. However, the spectrum does acquire a significant amount of dispersion and k dependent asymmetry in the bare f peak.
For most k values, the d portion of the spectrum is rather unremarkable, showing the hybridized branch that has dispersion relations close to the mean-field expression. The angle-resolved d spectrum consists of a narrow peak that has significant d spectral weight when the energy e d (k) is well separated from Ẽ f . However, for k values where the mainly d branch of the mean-field dispersion relation crosses the the incoherent f peak, the hybridization produces a splitting of the single peak in the d part of the spectral weight into two separate peaks of d character, which surround the incoherent f peak.
The narrow f quasiparticle peak at the threshold energy has a natural linewidth ⌫ of order 1/N. The feature initially shows only a slight dispersion towards higher binding energies and the peak broadens, as k is reduced from the corner of the Brillouin zone towards the center. For k values about halfway to the center of the zone, the dispersion becomes more rapid and the peak rapidly broadens, so the quasiparticle peak merges with the incoherent background. The integrated intensity of the f quasiparticle peak is denoted by I(k), where 
where E Ϫ (k) is the lower-band quasiparticle energy. This integrated intensity shows a significant amount of variation as k varies across the Brillouin zone. The intensity is dominated by A Ϫ (k) and is largest for k values close to the edge of the Brillouin zone. The intensity only slightly diminishes as k is reduced, but decreases more rapidly at the point when k decreases to about halfway to the zone center, at which point the quasiparticle dispersion rapidly becomes large. The existence of a narrow, slightly dispersive, f quasiparticle peak, with an extremely k-dependent intensity, is in agreement with experimental observations on single crystals of heavy-fermion materials. 33 A similar f quasiparticle peak should exist in the unfilled portion of the density of states, for k values close to the zone center, which ought to be observable in inverse photoemission experiments.
Our calculation show not only that an indirect gap exists between the f quasiparticle peaks observed in photoemission and inverse photoemission, but also that the peaks exist in A(k,) within a larger gap in the incoherent background. The gap between the upper and lower continuum of the incoherent background is almost k independent and has a magnitude of order 0.4t, which is larger than the indirect gap of 2Ṽ 2 /6tϭ0.083t, but much smaller than the direct gap 2Ṽ ϭ1.0t found from mean-field theory. This situation is similar to that found in polaronic systems, where the spectral density contains both the narrow zero-phonon line that is well separated from the continuum provided by the one-phonon processes. 34 The temperature dependence of the f quasiparticle spectrum's intensity can be understood in terms of its dependence on ͉b 0 ͉ 2 . As the temperature increases towards the critical temperature T c , the amplitude b 0 decreases, resulting in the decrease in the integrated intensity of the quasiparticle peak as shown in Fig. 13 . This has the net result that as the temperature increases towards T c much of the quasiparticle peak will be washed away and there will be a concomitant increase in intensity of the incoherent background. The broadening of the natural width of the quasiparticle f peak due increasing temperature combines with the temperaturedependent shift in the renormalized f level position to produce an overall broadening in the angle-integrated spectrum, which occurs simultaneously with the loss of intensity. This is precisely the effect which was observed by Park et al. 19 in photoemission experiments on FeSi.
VII. APPENDIX: SLAVE BOSON PROPAGATOR
The properties of the slave boson propagator for real frequencies , i.e., D(q,), are evaluated in this appendix. First we shall examine the properties of the polarization parts ⌸(q,ϩi␦).
The imaginary frequency polarization part ⌸ 12 (q,i m ) is defined by
which after evaluation and continuation on the real frequency axis is evaluated as
͑A2͒
The first two terms represent intraband excitations that vanish in the limit of zero temperature. The last two terms represent interband excitations that have finite frequency thresholds. The real part of this is an even function of , and tends to zero for large as
.
͑A3͒
The imaginary part can be evaluated at the zone boundary qϭQϭ(/a)(1,1,1); we will give the form in the limit Ẽ f ϭ0,
͑A4͒
In this expression ͑⑀͒ is the unhybridized conduction-band density of states. The first two terms represent the finitetemperature intraband processes due to the thermal populations of electrons or holes. The last term represents both the interband process, and is cut off by at the threshold frequencies with magnitudes equal to the indirect gap. At the zone center qϭ(/a)(0,0,0), the form of Im ⌸ 12 (0,ϩi␦) reduces to
In the limit q→0, the intraband terms vanish and only the interband terms survive. The interband terms have a threshold at frequencies corresponding to the direct gap 2Ṽ . The ⌸ 0 (q,i m ) contribution to the polarization parts is defined by
and is found to have the analytic continuation of
f "E Ϫ ͑ k͒…Ϫ f "E ϩ ͑ kϩq ͒… "ϩi␦ϩE Ϫ ͑ k͒ϪE ϩ ͑ kϩq ͒… ͬ ͪ.
͑A7͒
The first two terms represent intraband excitations that vanish in the limit of zero temperature. The last two terms represent interband excitations that have finite frequency thresholds. The real part of this is asymmetric, although for Ẽ f ϭ0 it becomes an odd function of . 
͑A9͒
The first two terms are the thermally activated intraband terms and the last term represents the interband excitations. The interband excitations do not have spectral weight that extends to ϭ0, because the unhybridized conduction-band density of states ͑⑀͒ has a cutoff at the band edges.
The zone center value is given by From these one can calculate the boson propagator. One finds that the boson spectral density shows resonances near ϭϮ, corresponding to the poles of the bare boson propagator. The frequency of the resonances disperses to lower values as q moves away from the zone center. These resonances have the largest contribution to the spectral weights of the normal boson propagators. In the Kondo limit, the width of these peaks are proportional to (/2)Im ⌸ 0 (q, ϩi␦) for ϭϮ. At the zone boundary this combination reduces to
Hence the width of the peaks in the normal slave boson spectral density at the zone boundary is significantly reduced from that found in the single impurity Anderson model. On the other hand, at the zone center, one finds the expected result for the width, Im ⌸ 0 ͑ 0,ϩi␦ ͒ϭN͉V͉ 2 ͑0 ͒. ͑A18͒
We now focus on the lower-frequency behavior of the normal slave boson spectral density. It is notable that the real part of the denominator vanishes slightly above the threshold of the continuum; however, the large variation in the imaginary part of the denominator Det D(q,) Ϫ1 quenches a potential resonance back to the background value. At the zone boundary, the spectral densities have a threshold associated with the indirect gap. The low-frequency behavior is dominated by an asymmetric peak above the threshold frequency, with long tails trailing down to higher energies. For at least half of the q values in the Brillouin zone, the qualitative form of the boson spectral density is similar to the boson spectral density at the zone boundary, except that the gap is slightly increased over the value of the indirect gap. However, for smaller values of q the change in shape is quite significant as the gap in the boson spectrum rapidly opens up, tending towards the direct gap.
